Carbon capture and storage (CCS) and carbon capture and utilisation (CCU) are acknowledged as important R&D priorities to achieve environmental goals set for next decades. This work studies biomass-based energy supply chains with CO 2 capture and utilisation. The problem is formulated as a mixed-integer linear program. This study presents a flexible supply chain superstructure to answer issues on economic and environmental benefits achievable by integrating biomass-coal plants, CO 2 capture and utilisation plants; i.e. location of intermediate steps, fraction of CO 2 emissions captured per plant, CO 2 utilisation plants' size, among others. Moreover, eventual incentives and environmental revenues will be discussed to make an economically feasible project. A large-size case study located in Spain will be presented to highlight the proposed approach. Two key scenarios are envisaged: (i) Biomass, capture or utilisation of CO 2 are not contemplated; (ii) Biomass, capture and CO 2 utilisation are all considered. Finally, concluding remarks are drawn.
are research priorities of the Strategic Energy Technologies (SET) Plan of the European Union (European Commission, 2015b) . The new financing instrument of the Emissions Trading System from the European Union (EU ETS) is the Innovation Fund ( 1 ). Among other characteristics, it dedicates EUR 400 million allowances to support innovation, plus EUR 50 million from the allowances that remain unused in 2013-2020 to remove a total of 450 million of CO 2 emissions from the current emission's share. The EU ETS is the EU carbon market and works on a cap and trade principle. From 2013, all power generators have to buy all their CO 2 allowances ( 2 ).
Carbon dioxide utilisation (CDU) processes are not only relevant to the energy generation or to the heavy industry sectors, but also in a number of other policy areas such as: GHG emissions, transport sector emissions, waste disposal, chemical industry and technological development. The capability of CDU as a CO 2 abatement option and as a competitive advantage for the chemical industry is acknowledged. Its potential has been estimated in about 10 % of today's global CO 2 emissions (Zimmermann and Kant, 2015) . The major interest for CDU processes is on carbon footprint reduction if compared to the benchmark fossil fuel route, as well as in fossil fuel savings that are not used as raw material (von der Assen et al., 2013) . The CO 2 stream for CDU processes may come from other sources rather than power plant flue gases; i.e. captured in heavy industry, produced as by-product, generated in the natural gas industry, or captured from the atmosphere. Therefore, different commercial synergies (as for captured CO 2 "management") may be possible to develop feasible business cases Zimmermann and Kant, 2015) .
Biomass can provide a larger energy share than the one that provides nowadays. At large scale, it can be properly co-used with fossil fuels, while at small scale 100 % biomass systems can be appropriate for residential uses and rural electrification (Puigjaner et al., 2015) .
Biomass alternative and renewable systems must be sustainable and provide a better CO 2 emissions balance than the reference situation with fossil fuels usage. A better CO 2 balance will result from (i) responsible resource exploitation by balancing source availability with the capacity of the plant that uses biomass, and from (ii) an efficient supply-distribution network.
Biomass can be considered as carbon neutral if there exists the appropriate time delay between emissions and biomass growth (Zanchi et al., 2012) . This means that new biomass growth may offset CO 2 emissions caused by biomass consumption for energy purposes if the consumption rate is smaller than the harvesting rate. CO 2 emissions from biomass can be even negative in specific situations as demonstrated in Tilman et al. (Tilman et al., 2006) for the production of biofuels through high diversity grassland biomass. In biorefineries, the overall conversion of biomass can be increased if combined with CDU utilisation processes with a noticeable lower CO 2 emissions impact (Sharifzadeh et al., 2015) . The use of woody biomass to replace fossil fuel in heat and power generation indicates better environmental performance. A lower environmental impact is reported if biofuels are the objective (Steubing et al., 2011) . As well as with CDU processes, the consumption of less fossil fuel is an important added value of biomass processes.
The purpose of the paper is to identify the economic optimal supply chain (SC) configuration for a bio-based -CCU SC under an emissions abatement condition.
Conventional coal power plants are to be adapted to decrease their overall emissions by (i) cocombustion of biomass and by (ii) carbon capture and utilisation in CO 2 -based methanol plants. The article is organised as follows: after a brief overview, the mathematical model used for SC optimisation and the case study are described. The model considers SC long-term strategic decisions, such as selection of biomass sources, establishment of pre-treatment units and their location, disposition of distribution centres, coal power plants adapted with cocombustion and carbon capture, and coal power plants equipped with CO 2 -based methanol plants. Therefore, the results of this exercise are the network structure design, the selection of the processes' location based on an exclusive list of candidates, the estimation of the needed investment and the monthly flows of mass and energy along the different sites.
Overview
The current energy sector needs to reduce its CO 2 emissions. The available options are more efficient conversion processes, renewable sources and smart grids, with the consequent change of business model. Customised and tailor-made solutions to the conditions of each particular site will allow the profitability and feasibility of the business case. As a transition solution towards carbon-free energy generation, biomass can be co-used with fossil fuels in already existing power plants. The use of biomass waste, which entails disposal problems, can be an alternative source of organic matter for power production. The alternatives to centralised and conventional sources of energy should be sustainable in the time, which implies responsible resource exploitation, by balancing source availability with electricity demand, and thus with the plant capacity. That is the reason why the SC optimisation is crucial towards a new energy sector (Puigjaner et al., 2015) . Any type of industry or process can take benefit of modelling and optimisation of SC's, where not only operations are considered, but also business functionalities or market/operation dynamics . Mathematical programming is an appropriate tool to assist in the quantitative evaluation of bio-based systems, where points of biomass generation may be far from consumption or demand points, local available biomass may not match the biomass demand, and different generation/pretreatment technologies may be available. The biomass SC problem may be addressed using a wide range of decision-maker outlooks: economic (Bowling et al., 2011; Caputo et al., 2005) , environmental (Damen and Faaij, 2006; Perry and Rosillo-Calle, 2008) , or both (Ayoub et al., 2009; Bojarski et al., 2009; Mele et al., 2011) . Other attempts have been recently done to add the social criterion to the economic and environmental points of view, as the creation of places of job (Pérez-Fortes et al., 2012; You et al., 2012) . The optimisation of bio-based SCs under sustainability issues, encompasses many approaches, from the selection of raw material(s) (location, characteristics, and treatments) and/or products to be synthesised, to the selection of synthesis processes (Ba et al., 2016; Cambero and Sowlati, 2014) .
The work by (Yue et al., 2014) reviews the major pathways for biomass to bioenergy and biofuel. Biorefineries and CCS and CDU processes are also included. The concept of superstructure is exploited for the selection of the best technologies in each echelon. A superstructure approach, for first and second biomass conversion technologies is also applied in the design of a bioethanol SC in (Miret et al., 2016) . With regard to the SC of CO 2 emissions, once emissions are produced they are considered as a material and goes through four echelons/activities: carbon sourcing, capture, transport and storage or sequestration. CO 2 can be used to synthesise fuels, chemicals or materials. The captured CO 2 may be utilised and/or (permanently) stored in geological formations depending on the CO 2 flowrate and on the purpose of the overall SC. CO 2 sources and technological options for capture, transport by pipeline or ships, storage sites location and/or multiple CDU choices configures an interesting superstructure, and business model. To the best of our knowledge, several works have been devoted to the SC optimisation of CO 2 utilisation. In US, enhanced oil recovery (EOR) is the CO 2 utilisation option that has been in practice for many decades, with CO 2 from natural gas processing. A US SC is the subject of study in (Hasan et al., 2015 (Hasan et al., , 2014 , where a superstructure is considered for the economic optimisation of the whole country taking into account large CO 2 stationary sources, saline formations and non-mineable coal areas for CO 2 storage, and oil and gas reservoirs for EOR. In (Roh et al., 2016a (Roh et al., , 2016b the superstructure approach aims at considering the most convenient conversion of CO 2 according to the demand to be supplied, CO 2 reduction and economic feasibilities.
The current paper studies the combination of co-combustion of biomass and coal with carbon capture for CO 2 utilisation in the synthesis of methanol. As for the carbon capture technology, it is a technology already used in industry segments such as natural gas processing, hydrogen production, and in a portion of flue gas from a power plant (Rubin et al., 2012) . However, carbon capture at fully commercial scale for a power plant still remains opened: the only existing large scale CCS project is Boundary Dam in Canada which incorporates a coal power plant of 110 MW (MIT, 2016) . Currently, the most effective and well-known method to capture CO 2 from flue gas is the chemical absorption with an aqueous MEA (monoethanolamine) solution in a post-combustion configuration. The use of CO 2 as raw material is seen in Europe as a factor of chemical industry rejuvenation (CEFIC, 2009 ). These processes are currently under different levels of development, ranging from the most basic research, up to first commercial plants, as for instance Carbon Recycling International ( 3 ). The CDU processes receive the attention of intermittent renewable plants (i.e. wind, solar), that see CO 2 conversion, and more specifically, the synthesis of H 2 via electrolysis, a way of electricity storage (Jallouli and Krichen, 2012; Jurgensen et al., 2014) . It turns out that the conversion of H 2 into a liquid chemical through its combination of CO 2 is attracting the attention of companies that aim at the liquid storage of hydrogen carriers, instead of the high volume and relatively dangerous storage of gaseous H 2 (Dalebrook et al., 2013; Dutta, 2014) .
It has been recently demonstrated that, to represent net CO 2 emissions reduction if compared to the benchmark situation, CDU processes that consume H 2 produced ad hoc by an electrolyze, need renewable sources to power it (Pérez-Fortes and Tzimas, 2016). The current paper aims at connecting the renewable share of electricity production by biomass in a cocombustion configuration with partial CO 2 capture plants that send the CO 2 to inside CO 2based methanol plants, in order to evaluate the potential benefit on the CO 2 emissions balance.
Problem statement
This paper deals with the strategic and tactical decisions associated with the optimal design and planning of bio-based SC network where co-combustion of biomass and coal is the main alternative technology to fulfil the market demand of electricity. One of the main decisions to evaluate is the inclusion of CCU, delivering CO 2 for the production of methanol (i.e. no other utilisation or storage option is considered), fed by the electricity produced by the portion of coal feedstock replaced by biomass (considered here as "zero" CO 2 emission source). It is assumed that incorporating CO 2 capture technologies causes a reduction in the efficiency of a co-combustion plant. In this paper, methanol production from carbon utilisation fulfils the required methanol demand. A process using natural gas as feedstock is the benchmark layout for methanol production.
The current approach has as starting points:
• The SC depicted in (Pérez-Fortes et al., 2014) . The case study comprises coal power plants from the Spanish electricity system, and the local woody biomass waste available as assessed in through a square geographical discretisation. The SC has been expanded to include CCU.
• The mass and energy balances and economic data from the CO 2 -to-methanol process and evaluated in .
• A superstructure of biomass pre-treatment systems (Pérez-Fortes et al., 2014) , and the investment and operating costs for coal power plant adaptation to co-combustion and CO 2 capture (European Commission, 2014a).
The optimisation problem is based on an economic criterion and has to meet (i) the electricity demand, (ii) the methanol demand and (iii) the required CO 2 emissions reduction.
The emissions reduction and the economic criterion are relative towards a reference case which considers that no action to further decrease CO 2 emissions is taken.
In general, at the strategic level decisions include selecting the network nodes (suppliers, producers, storage locations) through which intermediates and final products are processed and distributed to finally reach the final consumer. Additionally, the strategic decisions include the selection of those technologies to deploy in the different nodes as well as their corresponding capacity. The most common approach is to formulate this problem as a largescale Mixed Integer Linear Program (MILP) that captures the relevant fixed and variable operating costs for each location and each relevant product (Graves and Willems, 2003) . The tactical decisions are related to the amount of the different materials and energy that flow along the network.
The considered SC network consists of a number of potential locations where either a processing site or distribution centre or both of them can be located, and suppliers at fixed locations which have available biomass waste with different characteristics. Energy can be generated at several plants located at different locations using the different biomass waste and coal; while methanol can be produced using CO 2 captured at the co-combustion power plant.
It is assumed that the CO 2 captured is used at the same site; thus, no CO 2 transport is needed.
The characteristics of the biomass can be changed by using the pretreatment units (e.g., chipping and drying) so that the treated biomass (i) meets the characteristics required to be used in the coal power plant or (ii) increases bulk density to facilitate distribution. Materials flow between any pair of locations may appear if selecting such flow allows improving the performance of the SC.
A general schematic of the bio-based -CCU SC is shown in Figure 1 Given the following inputs: • Superstructure of pre-treatment and conditions of shape and humidity to meet to enter the power plant.
• Characteristics of biomass storage installations and means of transport for raw biomass and pre-treated biomass.
• Activities efficiencies for the bio-based part: moisture content (MC), dry matter (DM), bulk density (BD), and LHV change into each block. Utilities consumption.
• Activity efficiency for the power plant with CCU: the capture plant has an efficiency penalisation with respect to the coal power plant without capture. Both, CO 2 capture and utilisation plants consumption of electricity.
• A set of matter states that quantifies MC, DM, BD and LHV for each flow of mass between the activities up to the power plant.
• A set of demands for (i) the energy required by the co-combustion power plants according to the electricity demand, (ii) the methanol needed.
• A set of biomass providers, intermediates and plants locations.
• CO 2 emissions associated to the use of coal and natural gas, and diesel as consumable for biomass transport. CO 2 emissions from the EU electricity network and from the CDU plant (direct CO 2 emissions).
• Time period, planning horizon, project lifetime and annual working hours.
Economic data
• Investment, fixed and variable operating costs for the technologies comprised into all the blocks.
• Unit transportation costs per km and volume of biomass that is moved.
• Base capacity size and associated economies of scale for pre-treatment, storage, cocombustion and utilisation plants. Capture power plant investment cost is lineal.
• Prices of raw biomass, coal, electricity, fuels needed for transport, water, methanol, oxygen and natural gas. Current market price also for the tonne of CO 2 in the EU ETS.
Determine:
• The biomass network structure: location, number and capacities of the pre-treatment units, size of the volume transported, storage sites and their corresponding dimensions, and connections among them.
• Percentage of coal replaced by biomass into each power plant.
• The number of CCU installations and the percentage of CO 2 captured into each power plant.
• Raw biomass utilisation and schedule, i.e. suppliers operation per month. Inventory levels per month.
• Breakdown of investment and operating costs.
Subject to:
• Electricity and methanol demand satisfaction.
• CO 2 emissions reduction.
Objective:
• Economic optimisation through the metric net present value (NPV).
Indicators
To evaluate the performance of the proposed network, the NPV is optimised. The CO 2 emissions reduction condition is driving the replacement of coal and the installation of CCU plants. It is important to point out that the NPV and the CO 2 emissions reduction compare the so-called base case with the researched optimum SC. The base case considers that (i) power plants are uniquely fed by coal, (ii) conventional synthesis of methanol (the benchmark synthesis process) is used to meet the market demand of methanol and (iii) biomass waste is burnt (biomass disposal in Figure 2 ). The two metrics, NPV and CO 2 emissions reduction, evaluate (i) incremental costs due to new units installed related to the base case, and (ii) emissions decrement due to the use of biomass and to the CO 2 capture, as well as the prevented natural gas and coal to produce methanol and electricity, respectively. Figure 2 depicts both cases. 
Net Present Value (NPV)
Here, in order to compute the NPV, operational costs include those associated with production, distribution and raw materials (i.e. coal, natural gas and biomass) acquisition.
Revenue is obtained from the sales of methanol, oxygen (as byproduct of hydrolysis) and electricity. Investments on facilities and technologies are assumed to occur at the beginning of the project.
Mathematical model
The model is formulated using a multi objective MILP (moMILP) approach. The mathematical formulation is briefly described next. The interested reader is referred to Pérez-Fortes et al. (2014) for further details. The variables and constraints of the model can be roughly classified into three groups. The first one comprises the process operations constraints, while the second group deals with the environmental model. Finally, third group describes the equations required to evaluate the economic metric.
Design -Planning Model
The design-planning model is adapted from the work of Laínez et al. (2009) using technology j receiving input materials from site f and "delivering" output materials to site f ′ during period t . This variable is employed for both production and distribution activities. In order to model a production activity, it must receive and deliver material within the same site ( ijfft P ). In case of a distribution activity, facilities f and f ′ must be different. The model's equations are briefly described in the next paragraphs.
Materials mass balance must be satisfied at each one of the nodes (f). Equation (1) expresses the mass balance for each material (state in the STN formulation) s at each potential facility f in every time period t . Parameter sij α represents the mass fraction of material s that is produced by task i performed using technology j and the set s T refers to those tasks that have material s as output, while parameter sij α and set s T refers to tasks that
(1)
The model assumes that process parameters are fixed (i.e. reactions conversion, separation factors and moisture characteristics). This assumption is acceptable for the majority of the activities: covered storage, chipping, drying, power plant conversion, CO 2 capture and CO 2 conversion. There are activities for which the model should suggest the mixture of inputs in order to achieve a given value for a specific biomass property (i.e., moisture content). For such activities the proportion of the different possible feedstock should be variable. In order to account for those activities, the mass balance shall be modified as shown in Equation (2).
For these flexible activities, it is necessary to make sure that the energy balance is achieved. This is done by introducing Equation ( , ,
Equation (7) ensures that the total production rate in each plant is greater than a minimum desired production rate and lower than the available capacity. In this equation, parameter jf β defines a minimum utilisation rate of technology j in site f , while ijff θ ′ indicates the capacity utilisation rate of technology j .
Equation (8) forces the amount of raw material s obtained from site f at each time period t to be lower than an upper bound given by physical limitations ( sft A ). Also, the model assumes that part of the demand can actually be left unsatisfied because of limited production or supplier capacity. Thus, Eq. (9) expresses that the sales of s carried out in market f during time period t must be less than or equal to demand.
, ,
ijff t sft
Environmental Model
The application of the LCA methodology to a SC includes four steps, namely (i) goal setting, (ii) life-cycle inventory (LCI), (iii) life-cycle impact assessment (LCIA), and (iv) results interpretation towards improvement.
Regarding goal setting, it is important to define the boundaries of the system under study, and the corresponding functional unit (FU). Commonly, a certain amount of production is considered as the FU. In this sense, it is advisable to compare different SCs in terms of the fulfilled amount of sales or portion of demand satisfied (Bojarski et al. 2009 ).
The LCI step requires the estimation of SC environmental interventions (emissions or natural raw material consumptions) which can be collected using LCI databases. Finally, the results of the LCI step can be interpreted by means of different environmental metrics. As aforementioned, we will focus on CO 2 emissions (i.e., climate change damage category) in this work.
The equations of the environmental model are briefly described next. Equation (10) evaluates aft IC which represents the mid-point a environmental impact associated with site f in period t ; ijff a ψ ′ is the a environmental category impact CF for task i using technology j , receiving materials from node f and delivering them at node f ′ . Note that ijff a ψ ′ is a negative factor for those activities that "consume" CO 2 emissions. 
Equation (12) 
CO2 emissions that are prevented are computed as shown in Eqns. (14) and (15). The set ISV represents those activities which allow, by using biomass as energy source or CCU technologies, to avoid tasks that generated CO2 emissions (e.g., biomass sourcing vs. coal purchasing). Here ′ is the a environmental category impact CF avoided by performing task i using technology j , receiving materials from node f and delivering them at node f ′ ;
while, and are the mid-point a environmental impact savings associated with site f in period t and the g normalized end-point damage savings along the whole SC , respectively.
Equations (16) aggregate the environmental damage category results for the whole SC.
Economic Model
As previously stated, the NPV will be used for the economic evaluation. We are dealing with a network design problem. One of the characteristics of this type of problems is that they are capital intensive. Profit or cost do not take into account the capital needed for the investments associated with the new SC design or SC retrofit. However, NPV does and is commonly used to assess this kind of projects.
Operating revenue is calculated by means of net sales which are the income related to the normal SC activities. Thus, the total revenue incurred in any period t can be easily computed from sales executed in period t as shown in Eq. (17).
In order to calculate overall operating cost an estimation of indirect costs and direct costs are required. The total fixed cost of operating a given SC network can be obtained using Eq.
(18). jft FCFJ represents the fixed unitary capacity cost of using technology j at site f.
The cost of purchases from supplier e, which is computed through Eq. (19), includes raw materials purchases, transport, production resources and cost avoidance due to the use of biomass as energy source or carbon capture and utilisation technologies.
The purchases ( 
The costs of production and distribution are determined by Eqns. (21) and (22) 
The cost avoidance achieved by substituting some activities in the supply chain by biomass based energy generation and carbon capture and utilisation technologies is accounted in Eq.
(23). 
Equation (25) is to evaluate the profits in period t. It is assumed that the prices of raw materials, utilities, products and byproducts are constant along the selected time horizon. To conclude, NPV is computed by means of Eq. (26).
Finally, the SC network design-planning problem whose objective is to optimise the NPV can be mathematically posed as follows:
, subject to
Eqns.
(1) to (26) {0,1};
Here X denotes the binary variables set, while Y corresponds to the continuous variables set.
Case study: a bio-based -CCU SC located in Spain
The aim is to retrofit selected plants of the coal combustion plants in Spain with biomass co-use and CCU. Given a set of biomass collection sites and power plants, the SC model will provide solutions for the location-allocation problem, flows of matter among sites and percentage of CO 2 captured per plant, by optimising an economic criterion under a restriction of CO 2 emissions.
• The coordinate system Universal Transverse Mercator (UTM) is used. Linear distances among sites are calculated and corrected by a tortuosity factor of 1.4 (A. . The centre of the square areas for biomass sites and the specific power plant locations are considered.
• Boundaries are set from cradle-to-gate (see Figure 2 ). Distribution and use of electricity and methanol are outside the scope of this paper. The natural gas and coal cradle-to-gate emissions and LHV, and the emissions associated to the European electricity grid are from (European Commission, 2014b).
• The currency used is EUR 2014 . The Chemical Engineering Plant Cost Index CEPCI published monthly in the Chemical Engineering Magazine is used to actualise each unit purchase cost to 2014 ("Economic indicators," 2014). European Power Plant
Capital Cost Index ( 4 ) and the Dollar-EUR currency conversion are also taken into account (Eurostat, 2016) .
• CO 2 equivalent emissions are taken into account.
• The average of working hours is 7 800 h/y for all the plants considered in the SC. The time horizon is 10 years.
• The interest rate is 5% (inferred from (Pérez-Fortes and Tzimas, 2016) and taking into account the interest rate tendency of Spain ( 5 )), and the capital expenditure happen the first year.
We refer the reader to (Pérez-Fortes et al., 2014) for further details about the bio-based case study.
Raw materials and coal combustion plants
The types of biomass waste used are forest wood residues (FWR) and agricultural waste residues (AWR) from (A . Only the areas (60 x 60 km for AWR, and 80 x 80 km for FWR) producing more than 50 t/y are considered in this case study. The candidate locations to place a pre-treatment unit are those where biomass average waste production is above 95 t/y. These thresholds have been established to take into account a 90% of the forest residue produced. These thresholds are also based on the fact that to benefit from economies of scale, is better to focus on those areas where biomass is more concentrated. The amount of available biomass (according to the criteria described in (A ) is further reduced to take into account other potential users, and to only meet the needs from the combustion coal power plants. Figure 3 depicts Table 5 , Table 6 and Table 7 the detail of the monthly biomass provision and power plants energy demand. 
Biomass pre-treatment units, storage and transportation
Biomass storage is allowed after harvesting or collection and after the pre-treatment (before combustion plants). Open air covered storage is considered from raw material (for a maximum of two months) and storage of pre-treated biomass in silos. In the first case biomass properties could change and they were modelled as biomass states. In the second case, the activity was modelled as flexible (see (Pérez-Fortes et al., 2014) for further information). The pre-treatment possibilities taken into account are chipping and drying. Firstly, biomass is converted into chips of 240 kg/m 3 . Secondly, its moisture content is reduced to 5 or 10 %. The chipper consumes electricity and the drier's energy is supplied by diesel. Transport by trucks also consume diesel.
Carbon capture and CO 2 -based methanol plant
The most important parameters taken into account for the CCU modelling are summarised in Table 1 and Table 2 . The economic data for input and output streams of the case studies are summarised in Table 8 and Table 9 . The case study takes into account that the electricity available for the CDU plant is limited to the amount of electricity equivalent to the coal replaced by biomass, so as to achieve the required condition of being powered by renewables and thus emit less than the benchmark process (Pérez-Fortes and Tzimas, 2016).
This electricity consumption directly determines the size of the CDU plant that can be installed in the specific co-combustion plant. At the same time, the size of the CDU plant determines the consumption of CO 2 , thus, determines the fraction of CO 2 captured, in each specific co-combustion plant. With regard to the environment, we will focus on a CO 2 emission trading scheme.
Therefore, we compute the equivalent CO 2 amount associated with each optimal network configuration. However, it is used in the model as a constraint instead of an objective.
Reduction of CO 2 emissions
One important figure in the case study is the reduction of CO 2 emissions. This considers: the emissions prevented from coal and natural gas extraction, transport and consumption, the emissions captured and used, the emissions from biomass transport and pretreatment and from the CDU process.
Two cases are presented next: the baseline and the carbon capture and utilisation case.
They have been modelled in GAMS and solved using the CPLEX solver on an Intel Xenon at 2.3 GHz with 64 GB computer. The model consists of 5994112 continuous variables, 998 discrete variables and 66118 equations. The total CPU time using 20 threads in parallel with an optimality gap of 2.5% is 41957 s and 37308 s for Case I and Case II, respectively.
Case I: Baseline case
Firstly, the supply chain has been optimised with no consideration of carbon capture and utilisation. A schematic of the optimal network configuration is shown in Figure 4 . The model proposes to activate 45 pre-treatment sites which are represented as black dots in Figure 4 . All of these pre-treatment sites were provided chipping technology with a capacity between 10 and 15 t/h. However, dryers were installed in only seven pre-treatment sites where biomass is collected and dried. This allows taking advantage of dryer's capacity since such pre-treatment technology demands a significantly higher capital investment in comparison with chippers. All installed dryers have a capacity of 40 t/h. In this network, eight combustion plants receive biomass to cover their respective energy demand and are modified in order to co-fire coal and biomass. The total demand share that is satisfied by using biomass is 10%.
The investment needed to deploy this network configuration is listed in Table 3 . As one can infer, biomass pre-treatment and co-firing technologies cost should decrease to make a project of this nature viable, which is only achievable (if possible) through more R&D and better integrated processes. Decentralised energy generation could also alleviate part of the distribution costs that are incurred to bring the biomass to centralised cocombustion plants. Yet another alternative is to look for other income sources to compensate the relatively high investment and operating costs. In the next case, we explore carbon capture and its utilisation to produce methanol for this purpose.
Figure 4 Optimal network configuration for the baseline case which does not consider CCU technology

Case II: Carbon capture and utilisation with additional energy requirements fulfilled using the European electricity grid
In this case, we consider the possibility of installing carbon capture technology in the co-combustion plants. The captured carbon could be then utilised to generate methanol. We assume that the overall extra requirement of energy due to the installation of these two technologies can be obtained from the European electricity grid. The network is constrained to mitigate at least 1% of the overall Greenhouse Emissions (GHG) generated by the traditional network and to cover at least 5% of the energy demand with renewable resources.
In addition, a minimum methanol production of 100k t/y is imposed as minimum demand to be satisfied. The relative reduction in GHG is based on the CO 2 emissions generated to deliver 100% of the energy demand by using coal-based combustion and the methanol demand using natural gas as raw material.
The network configuration that results from the optimisation of this case is depicted in Figure 5 . The solution activates the constraint that forces that at least 5% of the demand must be satisfied using biomass. This reduces the investment dedicated to biomass pre-treatment technologies and co-firing adaptation in the combustion plants. In this case, there are only four sites which have a dryer installed. Again, each of the dryers has a capacity of 40 t/h.
Chippers are installed in the same number of locations compared with the baseline case.
Similarly to the baseline, the investment associated with chippers installation is favoured over transportation of high volume biomass along the ten-year planning horizon. Co-firing adaptation is proposed to be carried out in three combustion plants. Table 4 summarises the investment associated with this configuration. This supply chain has a capture and utilisation capacity equivalent to 100 kt MeOH (i.e., 22.8 MW) which has been located next to plant "La Robla" (m9).
This configuration generates again a negative NPV of -1148.6 M EUR, thus obtaining an economically unfeasible case with revenues that can not offset the costs and investment required, as explained next. Annual revenue is equal to 113.2 M EUR. Note that this figure is lower than the one in the baseline. The revenue due to methanol and oxygen sales are just about 43.6 M EUR per year, however the considered methanol production technology requires about 12 MWh/t which causes an imbalance in the demand /supply that must be compensated by using energy from the grid. This brings the total direct costs to 253.3 M EUR each year. In this network 3.5% of the total CO 2 emissions are recovered or saved by using biomass-based energy. Due to the CCU technology, the network can save around 231 kt CO 2 /yr. Nevertheless, the extra energy requirement generates around 609.5 kt CO 2 /yr. As the reader can see, in order to make carbon capture and its utilisation to produce methanol feasible under the assumptions of this case study, methanol technologies should benefit from being more energy efficient, and methanol prices that are higher than the ones currently in the market. Let us assume that the extra energy requirements can be obtained from a renewable source. This would reduce the footprint of the network in 609.5 kt CO 2 /y. Assuming that the network could claim cost reductions by using the ETS and that the right to emit 1 annual t CO 2 is currently about 5.5 EUR, the optimal network can be configured such that resulting NPV value is -605.5 M EUR. Still, it does not make this type of project feasible. For the considered CCU technology to make this project viable, it should generate an annual inflow of about 74.5 M EUR. This may be achieved through a price increase or a cost reduction.
Under this scenario, we are saving around 2.6 MtCO 2 /y. Assuming that this inflow results from the ETS, the right to emit 1 annual t CO 2 must be increased by around 27 EUR.
Otherwise, if this inflow is to come from methanol sales this would mean an increase of 745 EUR/t (a 120% increase from its current price) since the network is producing 100 kt of methanol per year. On the other hand, in order to make the baseline case financially feasible an extra annual inflow of 44 M EUR is needed. This is an increase of ~ 31 EUR per t CO 2 emitted, provided that the baseline is saving only 1.4 Mt CO 2 /y. 
Conclusions
In this work, we demonstrated how a generic supply chain design-planning formulation can be easily extended by adding new process blocks. In this particular case, a carbon capture and a utilisation block have been added. The utilisation part considers the production of methanol by having carbon dioxide and water as inputs. It has been highlighted how a model of this type can not only support decision-making about typical design questions such as the capacity and location of technology but also be exploited to address regulatory concerns. In the presented case study, it has been shown how this type of economic evaluation could suggest changes in the emission trade structure so as to induce the industrial changes needed to achieve regulatory expected goals.
With regard to the specific case study, the carbon capture technology analysed in this work, under the postulated assumptions, does not allow a biomass-based centralised energy supply chain to be viable or to improve from an economic standpoint. A block for the utilisation of CO 2 which is not energy intensive may be an alternative. Under the hypotheses of this study, promising methanol production technologies which are not based on hydrolysis, or cheaper hydrolysis, may create a financial feasible scenario. As for the condition imposed to the problem to mitigate at least 1% of the overall Greenhouse emissions, various tests were carried out to find a proportion that provided a feasible optimisation problem. This proportion could be escalated as technologies mature; however, under the current technologies and market conditions even with this low value significant challenges become apparent to make this type of projects financially viable as demonstrated in the case study. activity magnitude of task i in equipment j in period t whose origin is location f and 
A. Input data for the case study
A.1 Biomass supply
A.2 Coal power plants
A.3 Economic data
